Transcription regulation in a temporal and conditional manner underpins the lifecycle of enterobacterial pathogens. Upon exposure to a wide array of environmental cues, these pathogens modulate their gene expression via the RNA polymerase and associated sigma factors. Different sigma factors, either involved in general 'house-keeping' or specific responses, guide the RNA polymerase to their cognate promoter DNAs. The major alternative sigma54 factor when activated helps pathogens manage stresses and proliferate in their ecological niches. In this chapter, we review the function and regulation of the sigma54-dependent Phage shock protein (Psp) system -a major stress response when Gram-negative pathogens encounter damages to their inner membranes. We discuss the recent development on mechanisms of gene regulation, signal transduction and stress mitigation in light of different biophysical and biochemical approaches.
Introduction
Transcription of the Psp regulon in many important bacterial pathogens depends upon the major variant form of RNA polymerase (RNAP) containing the sigma54 factor as the dissociable promoter specificity factor. Working with Yersinia enterocolitica, Miller and colleagues identified psp genes as being virulence determinants in the mouse model, through using signature tag mutagenesis. In addition to directing RNAP to promoter sequences characterised by the consensus sequences TGCA around -12 and CTGGCAC around -24, the interactions between 
Implications of sigma54 in pathogenicity
The major alternative sigma54 factor is present in almost all diderm species with an outer membrane mainly consisted of lipopolysaccharides {Francke, 2011 #331}. It has been found to cross-regulate genes with other sigma factors in Pseudomonas aeruginosa {Schulz, 2015 #351}. Under stress conditions, sigma54 may repress 
Domain reorganisation of sigma54 during transcription activation
A combination of single molecule biophysical methods has been used to probe the events taking the RP C to RP O at a few sigma54 test promoters. Kinetic studies on the glnAP2 promoter using COSMO methodologies indicate that the transition from RP C to transcript generation takes around ninety seconds, and activators interact with both RP C and RP O {Friedman, 2012 #59}. The Stockley and Tuma labs addressed the domain movement of sigma54 in relation to the promoter DNA and ATP hydrolysis using single-molecule FRET analysis {Sharma, 2014 #320}. At the point of ATP hydrolysis, sigma54 Region I moves nearly 30 Å towards the leading edge of the transcription bubble (approximately the same distance as from -12 to +1, Fig. 1 ). This downstream movement may have two functional consequences: Firstly, it may facilitate the removal of inhibitory interactions formed around the -12 fork junction DNA by the 'power stroke' action of multiple L1 loops on the PspF activator hexamer (Fig. 1) . Secondly, the downstream movement brings sigma54 Region I in close proximity to the +1 site where it potentially constitutes an interaction network with the bridge helix and switch regions (Fig. 1B, {Zhang, 2015 #366} ). Deletion of sigma54
Region I has been shown to rescue activation defects of certain bridge helix variants, reverse the regulatory effects of DksA bound to the secondary channel {Zhang, 2015 5 #366}, and bypass the activator requirement on several promoters in vivo {Schafer, 2015 #348}.
New structural insights of the RNAP-sigma54 transcription complex
The structure of the sigma54-containing RNAP and its co-complexes with promoter DNA and with the ATPase domain of PspF has been determined using combinations of single-particle cryo-electron microscopy and X-ray crystallography. It is clear that the closed or intermediate promoter complexes are maintained at the downstream promoter -12 by contacts made between several L1 loops and sigma54 Region I and at the upstream end by an L1 loop and the non-template -30 promoter DNA (Fig. 1A , {Bose, 2008 #10; Rappas, 2005 #132; Zhang, 2012 #231}) . Recent structural elucidation of the RNAP-sigma54 holoenzyme by the Zhang lab shed new light on the sigma54 inhibitory mechanism. In order for the DNA template strand to be loaded into the active channel, the blocking sigma54 Regions I-III 'gate' must be shifted downstream ( Fig. 2A) . In contrast, the template strand can pass through the 'V'-shaped wedge formed between sigma70 regions 2 and 3 (Fig. 1C) or between the TFIIB core and linker regions. In line with the structural data, sigma54 variants that disrupt the Regions I-III 'gate' -such as deletion of Region I or mutations of Region III residue R336 -can spontaneously bypass the activation energy barrier {Chaney, 2001 #189;Schafer, 2015 #348}Also cite original Gralla Science paper and his PNAS paper too. The aromatic residues in sigma54 Regions I and III and the PspF L1 'GAFTGA' motif could potentially facilitate the DNA melting process.
As shown in Fig. 2 , the downstream DNA channel is blocked by both sigma54
Region II and sigma70 region 1.1 (Fig. 2B and D) . The core RNAP binding domain (CBD) on sigma54 contacts the β flap feature and blocks the RNA exit channel, and suggests that sigma54 must dissociate to allow the nascent RNA to extend beyond 8 nts ( Fig. 2A) . This obligatory dissociation of sigma54 in early transcription is notable, as it is not found with sigma70 where the CBD (σ2 region) binds to the surface of the core RNAP to allow its retention during elongation (Fig. 2C) . Comparisons between sigma54 and sigma70 holoenzyme structures suggest that the two sigma factors employ different functional domains to contact similar regions on the core RNAP (Fig. 2) .
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A transcription inhibitor -Gp2 -encoded by the bacteriophage T7 has been shown to significantly affect RP O formation in the sigma70-containing but not the sigma54-containing RNAP complexes {Wigneshweraraj, 2004 #382}. Recent structural elucidation of the Gp2-sigma70 holoenzyme suggests that Gp2 bridges between the β' jaw domain and sigma70 region 1.1 through electrostatic interactions, thereby preventing the egress of region 1.1 from the active channel and blocking the promoter DNA from entering {Bae, 2013 #303}. In comparison, the β' jaw domain in the sigma54-containing RNAP changes its conformation upon activator binding and ATP hydrolysis ({Wigneshweraraj, 2004 #382}) , which could attribute to its insensitivity towards any Gp2 inhibition.
Describing the conformational change pathway to RP O will require further structural determinations, and in particular complexes with fully and partially opened promoter DNA templates, with and without the bound activators and at high resolution. Recent advances in detector technology and image processing algorithms promise a major continuing role for cryo-electron microscopy in such structural studies.
Introduction of the Psp regulon and its signals
The sigma54-dependent Psp regulon in enterobacterial pathogens is triggered by extracytoplasmic stresses that damage the inner membrane (IM) integrity, and is 
Activation of the Psp regulon by PspF
The PspF activator unlike many other activators of the sigma54 RNApolymerase lacks an N-terminal regulatory domain and so it is active per default (Jovanovic et al, 1996, JBac In the absence of ATP, the AAA+ domain of PspF self-associates into heptamers with low nucleotide-binding affinities (Fig. 1A, {Zhang, 2014 #345} ). The cooperative binding of nucleotides in at least two adjacent subunits causes the L1 loops from these subunits to engage sigma54 Region I (Fig. 1A ). This functional asymmetry in PspF subunits may well correlate with a heterogeneity in nucleotide occupancy and be key to achieving an ATPase driven remodeling of RPc {Joly, 2006
#210}. The 'GAFTGA' motif in PspF L1 loop, along with aromatic residues in sigma54
Regions I and III, might be presented in a way to facilitate promoter DNA melting.
The shedding of the seventh PspF subunit and the opening of the PspF hexameric ring might occur in the transition state ( 
Effector function of PspA
Under membrane stress conditions, PspA dissociates from the inhibitory complexes made with PspF to form higher-order oligomers (≥ 36mers) with a calculated mass of 1034 kDa, thus releasing PspF for transcription activation (Fig. 4, {Hankamer, 2004 #199}). Such large PspA assemblies have been studied using cryo-electron microscopy and by single molecule photobleaching (refs) . They are proposed to bind to liposomes, thereby directly suppressing a proton leakage {Kobayashi, 2007 #214}.
Binding of the PspA higher-order oligomers to the IM is facilitated by its AHa domain that upon membrane association folds from a random coil into an α-helix ( Fig. 3CD and Fig. 4) . The PspA-IM interaction via AHa and the PspA-F interaction via AHb (i.e., effector function vs. negative regulator function) are mutually exclusive. This functional exclusivity is thought to be maintained by a highly conserved residue P25 that connects the two amphipathic helices in PspA (Fig. 3C, ref) . It seems that the higher-order oligomeric state is an intrinsic property of PspA when PspF is not 
Signal transduction via PspB and PspC
PspB and PspC are inner membrane proteins that positively regulate the Psp regulon and under microaerobic growth link the control of the Psp regulon to respiration and the ArcAB two component system. They sense and transduce the IM stress signals to
PspA following a direct and stable engagement with the PspA-F inhibitory complex (Fig. 4) . regulate cell motility that consumes the pmf. They also bring down the glycerol shift in order to promote the synthesis of glycerol-3-phosphate which can be used in phospholipids biogenesis and replacement of damaged anionic lipids during membrane stresses (Jovanovic et al., 2006; Bury-Mone et al., 2009) . In addition, they up-regulate the polyamine spermidine production by nearly 70-fold in order to slow down protein production {Jovanovic, 2006 #379}.
Psp proteins in pathogenicity and antimicrobial responses
The Psp response was initially discovered in enterobacteria following the production of filamenous phage secretin pIV. Since then, it has been implicated in support of The Psp response genes are involved in biofilm formation and chronic infections of multi-drug resistant enterobacterial persister cells (Keren et al., 2004; Shah et al., 2006; Ma et al., 2009; Dhamdhere and Zgurskaya, 2010) . The PspA homologue LiaH is present in Gram-positive pathogens and directly protects cells from antibiotics that work on cell walls or peptidoglycan (e.g., bacitracin, nisin, ramoplanin, vancomycin and cationic peptides, Jordan et al., 2008; Joly et al., 2010; Wolf et al., 2010) . LiaH confers resistance to daptomycin -a class of antibiotics that binds to phosphatidyl-glycerol and reorganises the membrane architecture (Pogliano et al., 2012) . Given the structural similarity between the AHas et al., 2011; Hurdle et al., 2011) . Finally, the vesicle destabilising properties of PspA and Vipp1
AHa-derived peptides, in particular the Vipp1 AHa cationic peptide, could be used specifically for antimicrobial therapies, as the eukaryotic membranes carry a much lower net negative charge (C.M., G.J., O.C., M.B., unpublished data).
Potential cross-regulations with other cell envelope networks
The integrity of the cell envelope is constantly monitored by at least five multi- 
Conclusions
The major alternative sigma54 factor is a global regulator of genes involved in metabolism and virulence in pathogens. Sigma54-dependent transcription requires activation by ATPase activators that form homo-or hetero-hexamers in respond to their cognate regulators. These regulators are often part of a two-component system that helps cells sense environmental cues. The Psp response we described in this chapter is an example of how pathogens employ the sigma54-dependent transcription system to perceive and ameliorate various membrane stresses. The success of this system lies in a coordinated cascade of protein expressions and a delicate balance between regulator and effector functions. Depending on the severity of membrane stresses, the Psp system can decide whether or not to take an emergency shortcut by bypassing several sensors and effectors. This autonomous pathway selection represents a level of cellular intelligence and is vital for the survival of pathogens in their niches. Understanding the function of the Psp response, and by extension the sigma54-dependent transcription system, is of broad interest not only for detecting the complex cellular regulatory circuitries but also for developing novel antimicrobial targets and therapeutic cationic peptides with bactericidal properties and has been greatly advanced through findings arising from biophysical and structural biology.
